Background: Anti-angiogenesis is a promising therapeutic strategy for locally advanced breast cancer. We performed this phase II trial to evaluate the anti-angiogenesis and anti-tumor effect of rh-endostatin combined with docetaxel and epirubicin in patients with locally advanced breast cancer by dynamic contrast-enhanced magnetic resonance imaging in 70 previously untreated locally advanced breast cancer patients. Methods: The study population was randomly assigned to neoadjuvant chemotherapy with docetaxel and epirubicin (neoadjuvant chemotherapy group) or neoadjuvant chemotherapy combining rh-endostatin with docetaxel and epirubicin (neoadjuvant chemotherapy+rh-endostatin group). The anti-angiogenic and anti-tumor effects of both regimens were evaluated by serial dynamic contrast-enhanced magnetic resonance imaging and microvessel density measurements after final surgery. Results: The results suggested a higher clinical objective response (90.9% vs. 67.7%, P = 0.021) and greater reductions in tumor size (67.2% vs. 55.9%, P = 0.000), Ki-67 proliferation index (32.79% vs. 12.47%, P = 0.000), tumor signal enhanced ratio (64% vs. 48%, P = 0.018), and K trans (67% vs. 39%, P = 0.026) in neoadjuvant chemotherapy+rh-endostatin group than those in neoadjuvant chemotherapy group. In addition, the microvessel density value in the neoadjuvant chemotherapy+rh-endostatin group was significantly lower than in the neoadjuvant chemotherapy group (18.67 ± 6.53 vs. 36.05 ± 9.64, P = 0.000). Moreover, the microvessel density value was significantly correlated with K trans after neoadjuvant chemotherapy+rh-endostatin treatment (r=0.88, P = 0.00).
Introduction
Neoadjuvant chemotherapy (NACT) has become a promising treatment for breast cancer, especially for locally advanced breast cancer. NACT may degrade the pathological stage of locally advanced breast cancer, decrease tumor size, and render the tumor resectable. In addition, previous studies suggest that the pathological response of primary locally advanced breast cancer to NACT can serve as a prognostic marker for patient outcome [1] . Therefore, ongoing studies are being conducted to develop novel NACT schemes and investigate their clinical efficacies by pathological examination [2] .
Anti-angiogenesis is a novel frontier for the treatment of malignant disease given that tumor growth predominantly depends on its angiogenesis status [3] . Cell experiments and animal models have demonstrated the anti-angiogenesis and anti-tumor effects of dozens of angiogenesis inhibitors, among which is endostatin [4] . Endostatin, a 20 kDa C-terminal fragment of collagen XVIII, is well known as a broad-spectrum, anti-angiogenic agent that specifically inhibits vascular endothelial cell proliferation, thereby inhibiting tumor angiogenesis and growth [5] . Endostatin has been demonstrated to be effective against different malignances, including breast cancer [6] . Recombinant human endostatin (rh-endostatin), which was purified from Escherichia coli and reconstructed with an additional nine-amino acid sequence thus to form another his-tag structure, has been shown to be at least twice as potent as endostatin in animal tumor models [7] . As shown in the previous studies, the underlying mechanisms by which rh-endostatin exerts significant anti-cancer bioactivity include: (i) prevention of the formation of tumor blood vessels through suppressing the VEGFR-2 expression in endothelial precursor cells; and (ii) obstruction of distant metastasis of breast cancer cells through inhibiting the intracellular expressions of MMP-2 and MMP-9 [8] . A recent phaseⅠ study of rh-endostatin confirmed that endostatin, which was suggested to be well tolerated and essentially free of significant drug-related toxicity, provided clinical benefit with significant anti-angiogenesis and anti-tumor effects in advanced solid tumors such as non-small-cell lung cancer [9] .Currently, rh-endostatin is approved for cancer therapy by the state food and drug administration of China.
Pathological examination by assessing microvessel density (MVD), which is principally based on surgical specimens, is currently the standard technique for determining tumor vascularity, one of the most important parameters for evaluating the in vivo effects of anti-angiogenic agents [10] . However, MVD is an invasive method and is therefore not suitable for serial study. Dynamic contrast-enhanced (DCE-MRI) is proven to be a noninvasive imaging technique that can be used to derive microcirculation properties [11] . Unlike MVD measurement, DCE-MRI can provide information on whole tumor volumes and not only on focal regions, which is more informative because tumor vasculature is heterogeneously distributed throughout the tumor [12] . Using a pharmacokinetic analysis, DCE-MRI can yield two parameters: the tumor transfer coefficient (K trans ) and the extravascular extracellular volume (ve), which can be used to evaluate tumor microvessel perfusion and the permeability of the tumor vasculature [13] .
Little is known about the clinical efficacy of rh-endostatin for locally advanced breast cancer although its efficacy has been demonstrated in non-small cell lung cancers [14] . Therefore, in the current phase II study, we evaluated the anti-angiogenesis and anti-tumor effects of neoadjuvant treatment with rh-endostatin in combination with docetaxel and epirubicin in locally advanced breast cancer patients and tumor response using serial DCE-MRI.
Patients and methods
This open-labeled, prospective, randomized, phase II trial was approved by the local ethical committee of our institution and was approved by the Food and Drug Administration (Clinical trials.gov identifier: NACT00604435). From February 2008 to March 2010, a total of 70 female patients with previously untreated breast cancer were enrolled in the study. All patients were asked to provide written informed consent before enrollment.
Patient eligibility
Patient eligibility criteria included (i) cytopathologically confirmed locally advanced breast cancer (core needle biopsy for breast cancer diagnosis and fine needle aspiration for lymph node metastasis diagnosis); (ii) staged II A to III C; (iii) aged between 18 and 70 years; (iv) primary tumor size ≥1 cm 3 based on ultrasonography; (v) Eastern Cooperative Oncology Group performance status 0 to 2; (vi) left ventricular ejection fraction greater than 50% without clinical symptoms or signs of heart failure; and (vii) no abnormality of organ function or hematologic function. Patients who were unable to remain prone for half an hour and patients with a known contrast medium allergy were ineligible.
Treatment regimen
Eligible patients were randomly assigned to neoadjuvant chemotherapy with docetaxel and epirubicin (NACT group), or to neoadjuvant chemotherapy combining rh-endostatin with docetaxel and epirubicin (NACT+rh-endostatin group), followed by final surgery. Patients in the NACT group received 3 cycles of docetaxel and epirubicin (docetaxel 75 mg/m 2 , IV on day 1 of each 21-day cycle; epirubicin 60 mg/m 2 , IV on day 1 of each 21-day cycle). Patients in the NACT+rh-endostatin group received 3 cycles of rh-endostatin plus docetaxel and epirubicin (docetaxel 75 mg/m 2 , IV on day 1 of each 21-day cycle; epirubicin 60 mg/m 2 , IV on day 1 of each 21-day cycle; rh-endostatin 7.5 mg/m 2 , IV on 1 st to 14 th day of each 21-day cycle).
DCE-MRI
All patients were evaluated twice by DCE-MRI. One was performed within one week prior to the first cycle of chemotherapy and the other was performed after the completion of the planned treatment but before surgery. The radiologist who performed the DCE-MRI examinations was blind to the clinical outcome of the patients. The DCE-MRI examination of both breasts was carried out with a 3.0T scanner (MAGNETOM Trio, SIEMENS, German) in the radiology department of Xijing hospital. Patients were examined in the prone position with a dedicated phased array breast-surface coil. Routine magnetic imaging for morphology of the breast was first acquired using T2-tirm in the transverse and sagittal planes (repetition time=6490 msec, echo time=60 msec, flip angle=120 o , slice thickness=4 mm, interslice gap=0.4 mm, acquisition matrix=320×320). The field of view was adapted to fit the size of the breasts, ranging from 210×200 mm to 310×200 mm. A non-enhanced, fat-suppressed, three-dimensional fast low-angle shot T1 sequence was acquired in the transverse plane (repetition time =7 msec, echo time=3 msec,, slice thickness=1 mm, interslice gap=0.2 mm, acquisition matrix=450×300, flip angle=15 0 ), which covered the entire breasts. Next, the dynamic study was performed in the transverse plane using a three-dimensional fast low-angle shot, as described previously, five times 20 seconds after the bolus injection of gadolinium diethylene-triamine pentaacetic acid (Magnevist, Schering, Berlin, Germany).
Gd-DTPA was infused in the antecubital vein at a dosage of 0.1 mmol/kg body weight by a power injector at a speed of 2 ml/sec and followed by a 20 ml saline flush at the same speed.
Image analysis
The acquired MR images were analyzed by two double-blind radiologists with extensive breast MRI experience. Image subtraction was performed from all series of contrast-enhanced images to improve visualization of areas of contrast uptake and to evaluate their morphologies. Then, the time-signal intensity curve was attained through the Mean Curve program provided by SIEMENS. The subtraction of the basal acquisition from early contrast-enhanced slices was loaded into Image J, version 1.40 (National Institutes of Health, Bethesda, MD, USA), for tumor volume evaluation. The total tumor volume was calculated by summing the tumor area in each section and multiplying by the thickness of each section and expressed in cm 3 . Tumor response in this study was primarily evaluated by comparing tumor volume, calculated by DCE-MRI, according to the Response Evaluation Criteria in Solid Tumors [15] . The signal enhancement ratio (SER) compares early to late enhancement in the lesions to reflcet the rate of contrast washout in the tumor. SER is calculated by SER = (S1-S0)/(S2-S1), where S0 is the baseline signal intensity, S1 is the signal measured at 90 seconds , where S2 is the MRI signal intensity at 270 seconds after contrast delivery.
A pharmacokinetic, two-compartment, bidirectional exchange model was used for pharmacokinetic analysis of the images to evaluate the vasculature permeability and perfusion of the tumor. A fixed-T1, fuzzy c-means method, which combines a fixed-T1, fuzzy c-means technique with a reference region model and removes the need for measuring the arterial input function or baseline T1 or T1(0), was used to obtain two main pharmacokinetic parameters [16] . These two parameters were K trans (forward transfer constant from the vascular space to the tumors), which primarily reflects the wash-in of contrast agents, and ve (extravascular extracellular volume fraction), which primarily represents the overall leakage space of the tumor. The data were processed with Matlab (The MathWorks, Natick, MA).
Immunohistochemistry
All patients underwent surgery within one week after the final DCE-MRI examination, at which point the surgical specimens were available for immunohistochemistry. Hematoxylin and eosin staining and Ki-67 and CD-34 expression detection were performed on formalin-fixed and paraffin-embedded surgical specimens as described previously [17] . Two experienced breast pathologists who were blind to the original clinical and histological diagnoses interpreted the immunohistochemical slides. Any CD34-stained endothelial cell or endothelial cell cluster that was clearly separated from adjacent microvessels, tumor cells, and connective tissues was considered to be a single countable microvessel [18] . Microvessel density measurements were performed by counting the number of CD34+ microvessels in three high-power (400×) fields randomly selected within a section.
Statistical analyses
The results of the parameters including tumor sizes (Vt), SER, K trans and ve and MVD were tested for normality with Kolmogorov-Smirnov test. The tumor sizes (Vt), K trans and ve acquired by DCE-MRI before and after treatments were compared using Student's t-tests. MVD and the changes (ΔVt, ΔK trans , and Δve) within each patient were calculated and compared between the two groups using Student's t-tests too. The measure of agreement between tumor size measured by DCE-MRI and histopathology was tested used Kappa test. The correlations between the MVD and DCE-MRI parameters, including SER, K trans and ve were analyzed using Pearson correlations. All statistical analyses were performed with SPSS version 16.0 (SPSS Inc., Chicago, IL, USA). The results with P values of less than 0.05 were considered statistically significant.
Results

Patient characteristics
6 of the 70 patients enrolled in this study failed to complete the 3-cycle chemotherapy (1 case due to economic reasons, 1 case due to uncontrollable hyperglycemia, 2 patients requested surgery before the completion of chemotherapy, and 2 patients refused to continue chemotherapy). Therefore, a total of 64 patients completed all 3 cycles of chemotherapy. 31 were in the NACT group and 33 were in the NACT+rh-endostatin group.
Tumor growth inhibition induced by NACT and NACT+rh-endostatin treatment
Among the 31 patients in the NACT group, DCE-MRI identified 2 CR (6.5%), 19 PR (61.3%), 9 SD (29.0%) and 1 PD (3.2%) subjects. The rate of objective clinical response (CR/PR) was 67.7% (21/31). Mean tumor size (Vt) measured by DCE-MRI decreased from 28.53±10.62 cm 3 at baseline to 13.58±6.35 cm 3 . The mean change in tumor size was 15.95±4.32 cm 3 , and tumor growth inhibition was achieved in 67.7% patients (21/31). The Ki-67 proliferation index was 32.79±10.25% after final surgery ( Figure 1A ). In contrast, among the 33 patients in the NACT+rh-endostatin group, DCE-MRI identified 5 CR (15.2%), 25 PR (75.7%), 1 SD (3.0%) and 2 PD (6.1%) subjects. The rate of objective clinical response (CR/PR) was 90.9% (30/33), which was higher than that in the NACT group (P = 0.021). After NACT+rh-endostatin treatment, mean tumor size (Vt) decreased from 31.52±11.58 cm 3 at baseline to 10.34±4.36 cm 3 . The mean change in tumor size was 21.18±7.32 cm 3 , which was greater than that of the NACT group (67.2% vs. 55.9%, P = 0.000) ( Table 1) . Tumor growth inhibition was achieved in 66.7% patients (22/33). The Ki-67 proliferation index was 12.47±5.11% after final surgery, which was much lower than in the NACT group (P = 0.000) ( Table 2 and Figure 1B) . These results suggest that rh-endostatin synergized the anti-tumor effect of docetaxel and epirubicin-based chemotherapy in locally advanced breast cancer. The mean tumor size measured by histopathology after surgery was 15.62±7.45 cm 3 in the NACT group and was bigger than that measured by DCE-MRI. The measure of agreement Kappa value was 0.778. The mean tumor size measured by histopathology after surgery was 12.53±5.72 cm 3 in the NACT+rh-endostatin group and was bigger than that measured by DCE-MRI too. The measure of agreement Kappa value between them was 0.752.
Angiogenesis inhibited by NACT+rh-endostatin treatment
Morphological study revealed a more mature tumor vasculature in the NACT+rh-endostatin group than in the NACT group. It was shown that microvessels in the NACT group were more irregularly distributed and had larger and more numerous branches compared with those in the NACT+rh-endostatin group (Figure 1 C-D) . In addition, MVD visualized by specific anti-CD34 antibody in tumors treated with NACT+rh-endostatin was markedly lower than that in the NACT group (18.67±6.53 vs. 36.05 ± 9.64, P = 0.000) (Figure 1 E) .
The DCE-MRI study showed that signals from the breast cancer and involved axillary lymph nodes were quickly and significantly enhanced after the injection of contrast agent in both groups (Figure 2A-D,  3A-D) . The steep time-signal intensity curve suggested that contrast agents wash-in and wash-out the tumor very quickly following contrast injection ( Figure 2D ). 3D-maximum intensity projection (3D-MIP) of MRI T1-weighted images post-injection of a low-molecular contrast agent highlighted the irregular boundary of the tumor with marked enhancement and neovascularization around the tumor ( Figure 2E ).The tumor and the swelling left axillary lymph node involved shrank after NACT ( Figure 2F, G) . After chemotherapy, there was a platform appeared in the time-signal intensity curve when the signal of the tumor reach a peak ( Figure 2H, I ). 3D-MIP manifested the mild reduction of the tumor and neovascularity after NACT( Figure 2J ).The swelling left axillary lymph node involved shrank significantly after NACT+rh-endostatin ( Figure 3B, G) . The slope of time-signal intensity curve of the tumor decreased significantly (1.9±0.7 vs. 3.5 ± 1.4, P = 0.000) ( Figure  3D , E, I, J). 3D-MIP of MRI T1-weighted images showed the obvious reduction of the tumor volume and angiogenesis ( Figure 3C, H) .
Quantitative analysis of DCE-MRI data showed that there was no difference in tumor SER, ve or K tran between the two groups prior to treatment. It was also shown that after NACT treatment, SER of breast cancers decreased significantly from 216.28 ± 83.56% to 112.75 ± 36.35%, K trans decreased from 0.51±0.16 min -1 at baseline to 0.25±0.13 min -1 and ve decreased from 0.74 ± 0.18 at baseline to 0.46 ± 0.12. In summary, the reductions in tumor SER, ve and K trans were 48%, 39%, and 51%, respectively, in the NACT group. In contrast, after NACT+rh-endostatin treatment, the SER of breast cancers decreased significantly from 237.28±78.56% to 85.28±21.94%, K trans decreased from 0.57±0.18 min -1 to 0.20±0.08 min -1 , and ve decreased from 0.71 ± 0.24 at baseline to 0.34 ± 0.15. In summary, the reductions in tumor SER, ve and K trans were 64%, 67%, and 52%, respectively, in the NACT+rh-endostatin group. It was noted that reductions in SER (64% vs. 48%, P=0.18) and K trans (67% vs. 39%, P=0.26) were statistically significantly greater in the NACT+rh-endostatin group than in the NACT group (Table 2 ). These results demonstrate that rh-endostatin can exert an anti-angiogenesis effect in locally advanced breast cancer.
Figure 2.
Representative DCE-MR images of locally advanced breast cancers before and after NACT. Signal of the tumor and the swelling left axillary lymph node involved were markedly enhanced after contrast agent injected (A-B). 3D-MIP of contrast-enhanced T1-weighted images highlighted the irregular boundary of the tumor with marked enhancement and neovascularization around the tumor (C). The steep time-signal intensity curve suggested that contrast agents wash-in and wash-out the tumor quickly (D, E). After chemotherapy, the tumor and the swelling left axillary lymph node involved shrank (F, G), and the neovascularity reduced mildly (H). There was a platform appeared in the time-signal intensity curve when the signal of the tumor reached a peak (I, J). The MVD values obtained from the immunohistochemical study were significantly correlated with the tumor SER (r=0.79, P = 0.00) (A), K trans (r=0.88, P = 0.00) (B), and ve (r=0.73, P = 0.00) (C), which were obtained from the second DCE-MRI evaluation after the completion of 3-cycle NACT+rh-endostatin treatment.
Correlation of MVD with DCE-MRI parameters
Our study showed that the MVD values obtained from the immunohistochemical study were significantly correlated with the tumor SER (r=0.79, P = 0.00), K trans (r=0.88, P = 0.00), and ve (r=0.73, P = 0.00), which were obtained from the second DCE-MRI evaluation after the completion of 3-cycle NACT+rh-endostatin treatment ( Figure 4A-C) . These results suggest that DCE-MRI can be used as a proxy biomarker of MVD in locally advanced breast cancer.
Discussion
Excessive proliferation of tumor vessels caused by over-expressed pro-angiogenic factors and down-regulated angiogenesis inhibitors is the histopathological basis for the growth and metastasis of malignant tumors [19] . Therefore, anti-angiogenesis is a promising therapeutic strategy to treat malignant disease by starving tumors of a blood supply. Rh-endostatin is one of the new generations of angiogenesis inhibitor [20] . Besides its inherent anti-angiogenic capability on endothelial cells, rh-endostatin may also play a direct cytotoxic role in inducing programmed cell death in cancer cells [21] . At least in lung cancer cells, it has been shown that endostatin can reduce intracellular expression of the anti-apoptotic proteins Bcl-2 and Bcl-XL and induce the activation of caspase-3, which initiates the process culminating in apoptosis [22] . These results suggest that regulations of angiogenesis and tumor cell death are not always independent. Conventional cytotoxic chemotherapy with docetaxel and epirubicin may induce cell death in breast cancer cells, leading to tumor shrinkage and improvement of clinical symptoms. Likewise, the formation of new neoplastic vessels may also be reduced [23] . Such cross regulation of the two physiological processes could also be observed in neoadjuvant+ rh-endostatin-treated breast cancers, which includes quickly decreasing intrinsic tumor vasculatures, gradually developing mature arteries, and synergistically strengthening inhibition of tumor growth and expansion. The above-mentioned findings were confirmed by both DCE-MRI and MVD assessments in our present study. The underlying mechanisms of action of rh-endostatin on angiogenesis and tumor cell death are not fully elaborated although some studies note that key angiogenic molecules, such as VEGF and VEGFR, could exhibit direct inhibition of tumor cell survival signals and result in apoptosis [7] .
In our study, we emphasized K trans and Vt, which are acquired from DCE-MRI assessment, in the evaluation of anti-angiogenic efficacies of different chemotherapeutic regimens and the response of tumors to them. Because K trans represents not only tumor perfusion over a unit volume but also tumor vascular permeability, it is usually used as an index of angiogenesis status in cancers [24] . The present study indicates that K trans value of the tumor is consistent with MVD; this finding was in accordance with previous studies in which broad correlations between various MRI variables and tumor microvascular density have been shown [25] . Given that the enhancement kinetic values of each pixel that covers the entire tumor are statistically analyzed in the DCE-MRI assessment, K trans is actually a mean value of the angiogenic characters of the whole neoplasm [26] . Our study reveals a moderate to severe reduction of K trans in locally advanced breast cancers, depending on the therapeutic regimen accepted. Mean K trans was significantly decreased (average 67%) in breast cancers receiving NACT+rh-endostatin. The decreased K trans was lower in the breast cancers receiving NACT (average 39%), suggesting a much more profound inhibitory effect of rh-endostatin on tumor angiogenesis than conventional cytotoxic chemotherapies. A reduction in K trans in tumors exposed to cytotoxic chemotherapy has also been reported by previous studies [27] . It has been shown that docetaxel may have anti-angiogenic activity by reducing the synthesis of pro-angiogenic molecules (such as bFGF and VEGF) in cancer cells [28] . In addition, it was recently discovered that conventional cytotoxic chemotherapy can mobilize endothelial precursor cells, and hence, play an important role in inhibiting neovascularization and tumor growth [29] .
According to the Response Evaluation Criteria in Solid Tumors criteria, the anatomic measurement of solid tumors is a well-accepted gold standard for evaluating tumor response to chemotherapy [30] . Significant differences in changes of tumor volume determined by DCE-MRI between the two therapeutic regimens were also indicated in our study, demonstrating an enhanced anti-tumor efficacy of combination chemotherapy with rh-endostatin when compared to conventional cytotoxic chemotherapy alone. In fact, DCE-MRI assessment is much more precise in the determination of tumor size than other techniques, such as histopathology and ultrasound examination, which are not able to discriminate the active neoplastic substance from the necrotic portion of the tumor and thus count all parts of the tumor when determining the tumor size. Theoretically, early Gd-DTPA enhancement in DCE-MRI assessment reflects well-vascularized tumor tissue, while slowly enhanced regions are more likely to reflect necrotic tissue [31] . That is to say, tumor size, as measured by early subtracted DCE-MRI images, is strictly representative of the active residual tumor that is unresponsive to chemotherapy. In contrast, histopathology and ultrasound examination, for example, will recognize the necrotic portion of the tumor as unresponsive active residual tumor and cause an underestimation of tumor response to chemotherapy and create somewhat inaccurate decisions about the correct choice for a successful chemotherapeutic regimen. Briefly, based on the high concordance of DCE-MRI with histopathology in the assessment of tumor shrinkage, we consider the former to have advantages in timeliness and accuracy over other techniques in the evaluation of active residual tumors and tumor response to chemotherapy.
In conclusion, the present study showed pronounced anti-angiogenic and anti-cancer efficacy of neoadjuvant chemotherapy plus rh-endostatin on previously untreated, locally advanced breast cancers.
The findings show a significant improvement over conventional cytotoxic chemotherapy with docetaxel and epirubicin alone. In addition, serial DCE-MRI assessment, which was non-invasive and technically convenient, was introduced into the evaluation of antiangiogenic competence and chemotherapeutic responsiveness of neoadjuvant+rh-endostatin. Moreover, correlation tests revealed high concordance between DCE-MRI assessment and classical histopathological examination, thus providing a rationale for real-time referral of locally advanced breast cancer patients to more optimized individual chemotherapy based on serial DCE-MRI data.
But a number of clinical trials have proved that the effect of antiangiogenetic therapeutics may be transient and not result in impovement of progression free survival or overall survival [32] . There were several limitations in our study including the small population enrolled, the short period observed and inclusion of small tumors for evaluation of tumor response. Therefore we are not clear whether the effect of rh-endostatin would translate into substantial benefit to patients with metastatic breast cancer, even though our study demonstrated significant effect of neoadjuvant chemotherapy plus rh-endostatin on previously untreated, locally advanced breast cancers. It needs further study to make clear whether the addition of rh-endostatin to neoadjuvant chemotherapy could significantly increase the overall survival of metastatic breast cancer as bevacizumab [33] .
